The correlation between local chemical environment and atomic displacements in disordered CuAu alloy has been studied using Monte Carlo simulations based on the effective medium theory (EMT) of metallic cohesion. These simulations correctly reproduce the chemically-specific nearest-neighbor distances in the random alloy across the entire CuxAu1−x concentration range. In the random equiatomic CuAu alloy, the chemically specific pair distances depend strongly on the local atomic environment (i.e. fraction of like/unlike nearest neighbors). In CuAu alloy with short-range order, the relationship between local environment and displacements remains qualitatively similar. However the increase in short-range order causes the average Cu-Au distance to decrease below the average Cu-Cu distance, as it does in the ordered CuAuI phase. Many of these trends can be understood qualitatively from the different neutral sphere radii and compressibilities of the Cu and Au atoms.
INTRODUCTION
Understanding the detailed structure of disordered metallic alloys continues to be an experimental and theoretical challenge. Particularly interesting are alloys in which there is a significant mismatch in atomic size. Intuitively, it might be expected that the distances between nearest neighbor pairs in an alloy with large atoms (A) and small atoms (B) would follow a simple relationship r AA > r AB > r BB . However, x-ray and neutron diffuse scattering experiments indicate that the behavior is more complex and that there are correlations between chemical ordering tendencies and pair distances (Jiang, Ice, Sparks, Robertson and Zschack 1996) . Unfortunately, our general understanding is limited by the statistical nature of the scattering process -typically only average pair distances and chemical coordination numbers can be determined by these methods. They do not provide information about the relationship between local displacements from ideal lattice sites and the local degree of short-range order. Using an effective medium theory (EMT) energy calculation (Jacobsen, Norskov and Puska 1987), we present here a detailed Monte Carlo (MC) study of the correlation between local order and displacements in equiatomic disordered CuAu (12% size difference). EMT is a semi-empirical approach belonging to the category of embedded atom methods, and is based on Density Functional Theory (Jacobsen et al. 1987) . These simulations offer the advantage of giving access to individual atoms and their local chemical environment, thus providing information complementary to experiment. They exhibit clear correlations between local chemical environment and displacements in disordered CuAu alloy.
At 50-50 at.% concentration CuAu has two first order phase transitions. Above 683K the stable phase is a FCC disordered phase. Below 658K the stable phase CuAuI is an ordered L1 0 phase with a 7% tetragonal distortion. Between those two temperatures the stable phase is a long-period superlattice, CuAuII, with a modulation wavevector perpendicular to the ordering wavevector. The wavelength of the periodic anti-phase boundaries is ten times the size of the underlying ordered cell.
MONTE CARLO SIMULATIONS BASED ON EFFECTIVE MEDIUM THEORY

Simulation Model Details
First principles calculations of the effects of atomic displacements on alloy phase stability have often been based on effective Ising models where the positional degrees of freedom are integrated out at zero temperature (Lu, Laks, Wei and Zunger 1994, Wolverton and . Finite temperature simulations involving both configurational and positional variables have been possible only with computationally efficient empirical potentials (Dunweg and Landau 1993 , Polatoglou and Bleris 1994 , Silverman, Zunger, Kalish and Adler 1995 . The advantage of a direct simulation over simulations based on effective Ising models is that they yield detailed information about the nature of atomic relaxations and the coupling between configurational and positional degrees of freedom: information which is hidden in higher order correlation functions of effective Ising models. These considerations led us to investigate the role of atomic displacements in Cu-Au alloys using the EMT formalism. Though EMT is not a first-principles approach, it is a useful model which captures some essential features of metallic binding.
A number of researchers have found that EMT can reproduce well the bulk and surface properties of many pure metals (Jacobsen 1988). EMT-based calculations have also been successfully applied to investigate equilibrium and kinetics properties of Cu-Au alloys. Monte Carlo simulations using the EMT have correctly reproduced the orderdisorder transitions in the Cu-Au phase diagram (Xi, Chakraborty, Jacobsen and Norskov 1992) . This work illustrated the importance of going beyond cubic fixed-lattice models to include tetragonal distortions ) and atomic displacements . In addition, EMT has been used to construct an atomistic Landau theory of the alloy (Chakraborty and Xi 1992) which was able to predict qualitatively the stability of the modulated phase CuAuII in a narrow temperature range. Langevin simulations of the ordering kinetics using the Landau model were recently found to be in qualitative agreement with experimental x-ray results (Elder, Malis, Ludwig, Chakraborty and Goldenfeld 1998) .
The EMT formalism provides a structure for systematically constructing interatomic potentials in metallic systems where simple pair potentials are known to be inadequate. These potentials belong to the same category as embedded atom potentials (Daw, Foiles and Baskes 1993) , however, the details of the construction are different (Jacobsen et al. 1987) . The EMT interactions involve parameters characterizing atoms in specific environments; for example, the spatial extent of the electron density distribution around a Cu atom embedded in an electron gas of given density (Jacobsen et al. 1987) . In principle, these parameters can be obtained from ab initio calculations based on DFT. However, in its application to the Cu-Au alloys ), a semi-empirical approach has been adopted where the atomic parameters are obtained from fitting to the ground-state properties of the pure metals and an additional parameter, which enters only in the description of an alloy, is obtained by fitting to the formation energy of CuAu (Stoltze 1997) .
We performed MC simulations of CuAu in the canonical ensemble using the EMT approach. In our MC implementation the Metropolis algorithm is used to determine the acceptance/rejection of 3 different kinds of system changes: the interchange of Cu and Au atoms, the displacement of individual atoms from their "ideal" lattice sites, and the size of the global lattice constants. The candidate atomic displacements are chosen randomly in a box whose size is adjusted to optimize the MC acceptance rate. The atomic displacements are due both to thermal vibrations and to "size effects".
The simulations are performed using a modified version of the ARTwork simulation package (Stoltze 1997 ) running on a Silicon Graphics Origin2000 computer system. One full MC step for an N -atom simulation cell (32 3 or 60 3 ) consists of N attempts to (a) randomly exchange atoms, and (b) change the position of the atoms involved in the exchange followed by one attempted change in global lattice constants. When examining properties of the disordered phase the cubic symmetry is fixed. Typically, the alloy is equilibrated at temperature for 1000 MC steps before the data is stored for processing. The averages are usually taken over 50 configurations saved every 10 MC steps.
Model Accuracy
Before discussing correlations between local chemical order and atomic displacements in our Monte-Carlo simulations of disordered CuAu, we examine the accuracy of the EMT model. The model predicts the correct Cu 3 Au, CuAu and Au 3 Cu regions of the phase diagram. For the 50-50 composition studied in detail here, previously published EMT simulations which did not allow atomic displacements found ) that the model presents a first order phase transition at approximately 708K between the cubic disordered phase and the tetragonal ordered phase. The ratio of the lattice constants in the ordered phase c/a is 0.94 and agrees well with the actual value of 0.93. In the new simulations reported here, atomic displacements are allowed, but the transition remains first order in accord with experiment. The jump of the long-range order parameter at the phase boundary is 0.94. In addition, the ratio of the lattice constants c/a in the ordered phase remains 0.94. However the transition temperature is considerably lowered by the inclusion of atomic displacements to approximately 430K. Since displacements due to both thermal vibrations and the "size effect" would be expected to preferentially lower the free-energy of the disordered phase, the drop in transition temperature is not surprising. Thus the inclusion of atomic displacements decreases the agreement with the experimental transition temperatures when using the parameters of Xi et al. 1992 . As mentioned above the alloy parameter entering the EMT model was obtained by fitting to the CuAu formation energy without incorporating displacements. Therefore it would be possible to improve the current model by adjusting the EMT parameters. However, for consistency with the previously published simulations, we chose to keep the parameters from Xi et al. and to scale all temperatures with respect to the new transition temperature.
The local chemical order and atomic displacements in disordered alloys are often measured by diffuse x-ray or neutron scattering. For comparison, we calculated the x-ray diffuse scattering intensity for the EMT model by Fourier transformation for several effective temperatures just above the phase transition. A typical diffuse scattering in the (hk0) reciprocal plane calculated from a simulation 2.7% above the transition temperature is presented in Fig.1 . The asymmetry of the diffuse scattering around the superlattice points is due to atomic displacements (Borie and Sparks 1971) . Though not easy to see on the scale of the plot, the simulated peaks exhibit the anisotropic four-fold splitting observed in experiment (Hashimoto 1983, Malis, Ludwig, Schweika, Ice and Sparks 1998) . This splitting, which is due to correlations extending well beyond a few unit cells, is reminiscent of that produced by the long-period superlattice of CuAuII. Simulations at several temperatures in the disordered phase reveal that the superlattice peaks grow relatively slowly with decreasing temperature, in accord with experimental observation ). Metcalfe and Leake (Metcalfe and Leake 1975) have reported a study of the local chemical order in CuAu alloy as measured by x-ray diffuse scattering. They analyzed their experiments in terms of short-range order parameters α lmn which measure the average number of like/unlike neighbors surrounding an atom in a given shell (Borie and Sparks 1971) :
Here P lmn AB is the probability of having a B atom at the (lmn) lattice site if there is an A atom at the origin. In a completely random alloy α is zero. Positive values of α indicate that the corresponding shell is mainly occupied by atoms of the same kind as the atom at the origin. If α is negative the number of unlike neighbors is dominant. For comparison we have calculated the simulated α lmn directly in real space at an effective temperature 2.7% above the phase transition. The calculated values are compared with those from Metcalfe and Leake in Table I . The simulated values of the SRO parameters for the first two coordination shells are 2.5% and 10% lower than the values reported by Metcalfe and Leake for a sample at a comparable temperature (700 K). Given uncertainties in the accuracy of the experimental α's 1 this close agreement may well be fortuitous. The simulations also correctly predict that the magnitude of the third neighbor correlations drops by approximately an order of magnitude compared to those for the two nearest shells. However, the small remaining correlation is incorrectly predicted to be positive for this shell. As a result, the tails of the simulated diffuse scattering peaks shown in Fig. 1 are less symmetric than is the actual case in the alloy. Nonetheless, we can conclude that the degree of local order predicted by the EMT Monte-Carlo model is quite reasonable.
Frenkel et al. (Frenkel, Stern, Rubshtein, Voronel and Rosenberg 1997) have used EXAFS to measure the average nearest neighbor distances in Cu x Au 1−x alloys with random atomic arrangements at 80 K. To better test the accuracy of the EMT Monte-Carlo simulations, we performed simulations of a random CuAu alloy quenched to an equivalent temperature and determined the average nearest-neighbor distances for the Cu-Cu, Cu-Au and Au-Au pairs. These are shown in Fig. 2 . At all compositions the simulated distances agree with the EXAFS measurements within the experimental uncertainty. Interestingly, both the EXAFS data and our simulations show that the average Cu-Au distance is very close to the Cu-Cu distance and significantly less than the Au-Au distance. Moreover, our simulations predict a crossover of the Cu-Cu and Cu-Au distances near 60% Au concentration, with the Cu-Au distance being the smallest pair distance above this concentration. This is in agreement with first-principles calculations of Ozolins et al. (Ozolins, Wolverton and Zunger 1997) . It is noteworthy that the strong concentration dependence of the relative Cu-Cu and Cu-Au distances is larger than expected from compressible Ising models incorporating simple elastic energy and displacement-spin coupling terms (Chakraborty 1995). The behavior of nearest-neighbor distances, shown in Figure 2 , can be rationalized on the basis of the EMT description of cohesion. In this description, the Au atoms have a larger neutral-sphere radius (the "size" in EMT) than the Cu atoms (Jacobsen et al. 1987) . Moreover, Au is less compressible. In the simplest approximation, we can view the increase in nearest-neighbor distances with increasing Au concentration as a traditional steric effect associated with the larger EMT "size" of Au atoms. Though this trend is definitely observed in Figure 2 , the rate of increase is different for the three different types of chemical bonds. This can be attributed to the difference in compressibilities of Cu (lower bulk modulus -B Cu = 14 x 10 10 Pa) and Au (higher -B Au = 17 x 10 10 Pa). Although there is some bowing present in the Cu-Cu line, it largely follows the changing lattice parameter with increasing Au content (note that the Cu-Cu pair distance extrapolates to the Au-Au distance at the highest Au concentrations -i.e. to the pair distance in pure Au). Thus the relatively higher compressibility of Cu atoms allows the Cu-Cu distances to follow the "average" lattice with changing concentration. The relative incompressibility of the Au atoms, however, prevents the average Au-Au distance , and the Cu-Au distance, from changing as much with concentration. Within the EMT model, the relative compressibilities can also be related to the more rapid falloff of the electron density around a Au atom than around a Cu atom at typical interatomic distances.
CORRELATIONS BETWEEN LOCAL ENVIRONMENT AND DISPLACEMENTS
Though random alloys exhibit no global short-range order, the constituent atoms nonetheless experience stochastic variations in their nearest-neighbor environments. Therefore, in order to investigate the relationship between local environment and pair distances, we have calculated the average interatomic distances in the random equiatomic CuAu alloy as a function of the number of nearest-neighbor Au atoms. That is, we have divided the atoms in the random CuAu alloy into 12 groups -each member of the group has the same number of Au nearest-neighbors. We have then calculated the average Cu-Cu, Cu-Au (Cu being the central atom), Au-Cu (Au being the central atom) and Au-Au pair distances in each group. The results are shown in Figure 3 (a). There is a strong relationship between local environment and pair distances. The trends with increasing Au in the local environment are qualitatively similar to those seen in Figure 2 with increasing overall Au concentration. Clearly, even in a random alloy at a fixed concentration, the intuitive idea of atomic "size" has limited meaning. TABLE II . Simulated nearest-neighbor relative displacements rAB = (dAB − d0)/d0, where d0 is the average distance, at a temperature 2.7% above the transition temperature and infinite temperature (random alloy), respectively. In order to better understand the relationship between local environment and displacements in a non-random alloy, we studied in detail a simulated equiatomic CuAu alloy annealed at a temperature 2.7% above the ordering transition to produce short-range order. In direct contrast to the case for random equiatomic alloys, the overall average Cu-Au distance is shorter than the overall average Cu-Cu distance (table II) . Thus the development of short-range order has changed the average pair distances. Figure 3(b) shows how the average Cu-Cu, Cu-Au, Au-Cu and Au-Au pair distances vary with number of Au nearest-neighbors. Comparison with the equivalent Figure 3 (a) for a random alloy shows that the overall trends remain qualitatively similar but the short-range order causes quantitative changes.
Another way of examining the data from the alloy with short-range order is to define a local α 110 for each atom -i.e. the number of like nearest neighbors minus the number of unlike nearest neighbors divided by the coordination number. We studied closely the atoms positioned in a local chemical environment similar to the environment in the ordered phase, i.e. having 4 like and 8 unlike nearest neighbors (i.e. local α 110 = −0.33). In the ordered phase the 4 like neighbors occupy one of the cubic planes passing through the center atom while the 8 unlike atoms occupy the other 2 planes. In the simulation we found that approximately 10% of the atoms with 8 unlike nearest neighbors are actually in a geometrically "ordered" environment. However, the occurrence of this configuration is considerably higher than random. Figure 5 contrasts the occupation probabilities in the planes for the random case and that observed in the EMT simulations. It is instructive to focus on those atoms in a geometrically "ordered" environment (as well as chemically ordered environment) and define a local distortion as the deviation from unity of the ratio of the average A-A distance to the average A-B distance around that atom. The average local distortion around Cu atoms in the simulation is approximately 1.5%, slightly higher than the average around Au atoms (0.4%). Both values are much smaller than the 3% that would be predicted by the tetragonal distortion occurring in the ordered structure. 
CONCLUSIONS
An important advantage of real space simulations is that they permit a direct examination of the relationship between local chemical environment and atomic displacements. These simulations show a strong correlation between nearest-neighbor environment and interatomic distances in disordered Cu x Au 1−x , even in random alloys. Higher Au concentrations in the local environment lead to a decrease of Cu-Au distances relative to Cu-Cu distances. In equiatomic CuAu alloys with short-range order, these trends remain qualitatively similar. The increased local "order" causes a decrease in the average nearest-neighbor Cu-Au distance and a partial convergence of Cu-Cu and AuAu distances, reminiscent of the local structure in the ordered CuAuI phase. The intuitive concept of "size" has limited usefulness in understanding these trends. We anticipate that such correlations between local environment and displacements are common in disordered alloys, particularly those having components with large atomic size differences.
